Effectively modulating the magnetism of two-dimensional (2D) systems is critical for the application of magnetic nanostructures in quantum information devices. In this work, by employing density functional theory calculations, we found the coexistence of Co doping and strain can effectively control the spin states of arsenene and antimonene structures. Unstrained Co-doped arsenene (arsenene-Co) and Co-doped antimonene (antimonene-Co) structures are nonmagnetic while under a strain, the magnetic moments of both cases were abruptly increased to about 2 m B . The emergence of magnetism can be reflected by the reduction of the interactions between Co and its neighboring atoms by the strain, which leads to the spin-splitting of Co-3d states. More importantly, we found that the transition of magnetism accompanies the modifications of the electronic properties of arsenene and antimonene so that under strain both structures can exhibit a novel half-metallic behavior. These results provide an effective pathway for the development of arsenene-and antimonene-based electronic devices by applying Co doping and strain.
Introduction
2D materials with atomic thickness have recently attracted tremendous attention because of their charming properties and potential applications. [1] [2] [3] [4] Graphene, a 2D counterpart of graphite, was rstly fabricated by Geim et al. They showed that graphene can possess an ultrahigh carrier mobility at room temperature. 5, 6 Then, Singla et al. obtained 2D boron nitride that shares a similar structure to graphene, and reported that such a layered structure can be applied in the eld of methyl orange dyes. 7 Subsequently, an MoS 2 sheet was also realized by Radisavljevic et al. They showed that 2D MoS 2 is an ideal effective eld-effect transistor owing to its suitable bandgap and band structure. 8 Recently, Li et al. also realized phosphorene, and revealed that phosphorene is expected to be used for optoelectronic applications due to its high mobility and on/off ratio. 9 In addition, various 2D structures, such as silicene, stanene, graphitic carbon nitride, and transition metal oxide sheets, with novel electronic properties have also been reported by Kara et al., 10 Zhu et al., 11 Zhang et al. 12 and Sun et al., 13 respectively. Effective obtainment of 2D structures opens a pathway for the development of next-generation nanoscale electronic devices. In order to meet the increasing demand for superior devices, different schemes have been proposed to modulate the properties of 2D materials.
14-24 Among these, doping and strain are considered as two of the most popular schemes. Note that most previous studies have focused on doping-function or strainfunction alone. 17, [19] [20] [21] [22] [23] [24] Interestingly, some recent research has shown that, in contrast to the effect of only doping or only strain, the synergistic effect of doping and strain seems more interesting for the operation of the electronic properties, especially for the magnetic property, of 2D materials. For example, under the coexistence of transition metal (TM)-doping and strain in graphene, Huang et al. observed a sudden transition of the magnetism in the graphene, 25 which cannot be found in only TM-doped graphene 26 or only strain-interacted graphene.
27
For the coexistence of TM-doping and strain in phosphorene, Zhai et al. predicted a transition from a state with a low magnetic moment to a state with high magnetic moment 28 and Cai et al. revealed that phosphorene can undergo a transition from an antiferromagnetic order to a ferromagnetic order or to a different antiferromagnetic ordering. 29 In addition, our previous work also showed that the strain can effectively modulate the magnetism of TM-embedded MoS 2 sheets. 30 Thus, exploring the effects of the coexistence of doping and strain is signicant for tuning the properties of 2D structures.
Recently, two new 2D semiconductors with high stability, named arsenene and antimonene, were identied theoretically and proposed for various applications by Zhang et al. 31 In particular, on the basis of the epitaxial method, antimonene has been successfully fabricated by Wu et al. 32 Previous studies of arsenene and antimonene mainly focused on the effect of strain or doping. 46, 47 In this paper, we explored the inuence of the coexistence of doping and strain on arsenene and antimonene. Although great efforts have been made to investigate the effects of doping and strain on arsenene and antimonene, as mentioned above, this is the rst work to systematically explore the synergistic effects of doping and strain on arsenene and antimonene. Here we take Co substitution as an example for the doping. The paper is organized as follows: (1) to ensure the veracity of our calculation, we rstly compare the results of the structural and electronic properties of pristine arsenene and antimonene with those of previous reports. (2) Secondly, we studied the stabilities of arsenene and antimonene under the coexistence of Co doping and strain. (3) We then analyzed the magnetic transitions of arsenene and antimonene under the coexistence of Co doping and strain, and explored the origin of the interesting magnetic transitions. (4) Finally, we studied the effect of the coexistence of Co doping and strain on the electronic properties of arsenene and antimonene. On the basis of these studies, we can clearly determine the inuence of the coexistence of Co doping and strain on arsenene and antimonene, which is important for the development of paper-like spintronic devices.
Calculation details and models
Our calculations were performed using density functional theory, as implemented in the Vienna ab initio Simulation Package (VASP). The electronic exchange-correlation interaction is treated using the Perdew-Burke-Ernzerhof functional (PBE) within the generalized gradient approximation (GGA). A 4 Â 4 supercell was used during the calculations. The electronic wave functions were expanded using a plane-wave basis set with a cutoff energy of 500 eV. For the structure optimization, the k-point sampling in the reciprocal space was represented with 8 Â 8 Â 1 grid meshes, and, for the electronic structure calculations, the k-point sampling in the reciprocal space was represented with 10 Â 10 Â 1 grid meshes. A vacuum space of about 15Å was used to avoid the interaction between neighboring layers. All results are obtained based on the spinpolarized calculations. The positions of all atoms in the layer are fully relaxed during the optimization. The criterion of convergence was selected when the residual forces on all atoms were smaller than 0.01 eVÅ À1 .
Results and discussion
A. Pristine arsenene and antimonene
In order to ensure the veracity of our calculations, we rstly compared the structural parameters and electronic properties of pristine arsenene and antimonene with those of previous works. Fig. 1a gives the optimized geometric structures of pristine arsenene and antimonene. From the top view, we can see that the lattices of arsenene and antimonene are similar to that of graphene where each As atom in arsenene is covalently bonded to three neighboring As atoms and each Sb atom in antimonene is covalently bonded to three neighboring Sb atoms. From the side view, the lattices of arsenene and antimonene are somewhat different from that of graphene in that arsenene and antimonene are buckled structures while in graphene each C atom occupies the same atom layer. The optimized lattice constant, bond length, bond angle and thickness of pristine arsenene are about 3.61Å, 2.51Å, 91.9 and 1.40Å, respectively, and optimized lattice constant, bond length, bond angle and thickness of pristine antimonene are 4.12Å, 2.89Å, 90.8 and 1.65Å, respectively. These results are in close agreement with those of previous studies. [47] [48] [49] The calculated band structures of arsenene and antimonene are shown in Fig. 1b . Clearly, arsenene and antimonene are indirect semiconductors, in which the valence band maximum is located at the G point while the conduction band minimum lies between G and M points. Calculated bandgaps are about 1.60 and 1.26 eV for arsenene and antimonene, respectively, which are also in good agreement with previous theoretical reports at the same level. [50] [51] [52] [53] B. Stability of arsenene and antimonene under the coexistence of Co doping and strain Considering possible structure breakage or phase transition, we then investigated the stabilities of arsenene and antimonene under the coexistence of Co doping and strain. Schematic views for the coexistence of Co doping and strain on arsenene and antimonene are shown in Fig. 2a . Here the arsenene-Co structure was constructed by replacing an As atom of arsenene by a Co atom and the antimonene-Co structure was created by replacing a Sb atom of antimonene with a Co atom. The strain was dened as 3% ¼ Dc/c 0 , where c 0 is the lattice parameter of the unstrained system and Dc is the variation of the lattice parameter. Positive 3 and negative 3 mean tension strain and compression strain, respectively. Fig. 2b shows the changes of the total energies of arsenene-Co and antimonene-Co systems with the strain. When the tension (or compression) strain was applied, the total energies of both structures approximately present a monotonously increased tendency. It indicates a relatively large elastic range for the arsenene and antimonene. In this range, the structure breakage or phase transition will not occur, providing a large space to modulate the electronic and magnetic properties on them.
C. Magnetic properties of arsenene and antimonene under the coexistence of Co doping and strain
Subsequently, we turned to study the effect of coexistence of Co doping and strain on the magnetic properties of arsenene and antimonene. Fig. 3 depicts the strain effect on the evolutions of the magnetism and the energy difference between the nonspin and spin states for arsenene-Co and antimonene-Co structures. A positive value of the energy difference between the nonspin and spin states indicates that the magnetic state is stable in energy. We found that the arsenene-Co structure under À4%, À2%, 0%, 2% and 4% strains and antimonene-Co structure under À4%, À2%, 0% and 2% strains relax to the nonmagnetic ones. Thus, unstrained arsenene-Co and antimonene-Co structures and the arsenene-Co and antimoneneCo structures under small compressive and tension strains are nonmagnetic. Interestingly, the situations are different at high strains. Under 6% and 8% strains, the magnetic arsenene-Co structure is more stable than the nonmagnetic one with energy differences of 59 and 190 meV, respectively, and under 4%, 6% and 8% strains, the magnetic antimonene-Co structure is more stable than the nonmagnetic one with energy differences of 15, 130 and 250 meV, respectively. The calculated magnetic moments of the arsenene-Co structure are about 2.0 and 2.1 m B for 6% and 8% strains, respectively, and the calculated magnetic moments of the antimonene-Co structure are about 2.0, 2.0 and 2.3 m B for 4%, 6% and 8% strains, respectively. Corresponding spatial spin density distributions of arseneneCo and antimonene-Co structures under 0% and 6% strains are shown in the insets of Fig. 3 , which clearly shows that the spin polarization derives from the doped Co atom for both structures. As a result, the coexistence of Co doping and strain can effectively modulate the spin of the system, which is signicant for practical electromechanical nanodevice applications. For example, the ultrathin arsenene and antimonene structures can be designed as a logic state of "0" with the nonspin state or "1" with the spin state, achieving a desired spin switch.
D. Explanation of the origin of the transition of spin polarization
Explanation of the interesting transition of the spin polarization with the strain can rstly be attributed to the changes of the geometric structures. As shown in Fig. 4 , under 0% strain, the average Co-As bond length is about 2.28Å, which is smaller than the value of 2.51Å found for the As-As bond length in pristine arsenene, and the average Co-Sb bond length is about 2.47Å, which is smaller than the value of 2.89Å found for the Sb-Sb bond length in pristine antimonene. These results indicate that the interaction between Co and As atoms in arsenene-Co system and the interaction between Co and Sb atoms in antimonene-Co system are strong. As a result, it suppresses the magnetism of the Co atom. Under À4% and À2% strains, the calculated average Co-As bond lengths in the arsenene-Co system are about 2.25 and 2.26Å, respectively, and under À4% and À2% strains the calculated average Co-Sb bond lengths in the antimonene-Co system are about 2.43 and 2.45Å, respectively. Naturally, under compressive strain, the interaction between the Co and the host material is strengthened. Thus, no magnetism was found in these cases. Consequently, a reduction of the interaction between the Co and the host is expected for the introduction of magnetism. Note that, although the Co-As bond lengths in the arsenene-Co system under 2% and 4% strains and the Co-Sb bond length in antimonene-Co system under 2% strain were slightly increased, these cases remained nonmagnetic. With further increase of strain, drastic changes in the bond length between Co and As atoms in the arsenene-Co structure and the bond length between Co and Sb atoms in the antimonene-Co structure take place. Under 6% and 8% strains, the Co-As bond lengths in the arsenene-Co structure become about 2.39 and 2.41Å, respectively, and under 4%, 6% and 8% strains the Co-Sb bond lengths in the antimonene-Co structure become about 2.57, 2.60 and 2.62Å, respectively. Strain effects on the distribution of charge density for the local arsenene-Co and antimonene-Co structures are shown in Fig. 5 . It clearly shows that, owing to the increase of bond length, the accumulation of electrons between the Co atom and its neighboring atoms was decreased gradually. Thus, at large strain, the interaction between Co and As atoms in the arsenene-Co structure and the interaction between Co and Sb atoms in the antimonene-Co structure are small, which makes them exhibit substantial magnetism.
To gain a further insight into the evolution of magnetism, we studied the strain effect on the electronic structures of Co atoms for arsenene-Co and antimonene-Co structures. Fig. 6 shows the strain dependence of the spin-polarized partial density of states (PDOS). Here, À4%, 0% and 8% strains were considered. Under 0% and À4% strains, we clearly observed that spin-up states match spin-down states very well for the Co atoms of the arsenene-Co and antimonene-Co structures. Thus, arsenene-Co and antimonene-Co structures without strain or under compression strain are nonmagnetic. In contrast, the states of the Co atom are redistributed under the large strain. Under 8% strain, spin splitting was found for the Co atoms of arsenene-Co and antimonene-Co structures. Detailed examination shows that the spin states derive mainly from Co-3d states. For both structures, the spin-up Co-3d states are mainly located in the energy range from À3.0 to À1.5 eV while the spin-down Co-3d states are mainly located in the energy range from À1.5 to 0.7 eV. Thus, under the large strain, the arsenene-Co and antimonene-Co systems exhibit substantial magnetism.
E. Electronic properties of arsenene and antimonene under the coexistence of Co doping and strain
Finally, we studied the electronic properties of arsenene and antimonene structures under the coexistence of Co doping and strain. The evolutions of the spin-polarized band structure and density of states (DOS) of the arsenene-Co and antimonene-Co systems under different strains are shown in Fig. 7 and 8 , respectively. The red line stands for the up-spin and the black line stands for the down-spin. The particular change of the electronic structure suggests that an interesting transition occurred under the strain, i.e., nonmagnetic semiconductor / magnetic half-metal transition, for both cases. Under small strains, the arsenene-Co and antimonene-Co structures are nonmagnetic semiconductors. The calculated bandgaps of arsenene-Co structure are about 0.74, 0.76, 0.68, 0.58 and 0.48 eV for À4%, À2%, 0%, 2% and 4% strains, respectively, and the calculated bandgaps of the antimonene-Co structure are about 0.57, 0.64, 0.62 and 0.53 eV for À4%, À2%, 0% and 2% strains, respectively. In sharp contrast to the nonmagnetic semiconducting characteristic, the arsenene-Co structure under 6% and 8% strains and the antimonene-Co structure under 4%, 6% and 8% strains exhibit a magnetic half-metallic behavior. In these cases, the structure has a metallic nature for the up-spin state and a semiconducting nature for the downspin state, providing an ability to achieve completely spinresolved electric current. Detailed examination shows that the states at the Fermi level are mainly contributed by the arsenene and antimonene for the arsenene-Co and antimonene-Co structures, respectively. The role of the doped Co atom is small.
Conclusion
First-principles calculations based on DFT were carried out to investigate the effect of coexistence of Co doping and strain on arsenene and antimonene. The ground states of unstrained arsenene-Co and antimonene-Co structures are nonmagnetic owing to the formation of strong bonds between Co and its nearby atoms. Interestingly, as the tension strain increases, the interactions between Co and its nearby atoms decrease gradually. As a result, under large strain, substantial magnetism was found in arsenene-Co and antimonene-Co structures owing to the splitting of Co-3d states. This result indicates the possibility of controlling the spin states of arsenene and antimonene structures from nonmagnetism to magnetism. Furthermore, under strain, arsenene-Co and antimonene-Co structures can exhibit half-metallic property. Detailed examination shows that arsenene and antimonene contribute the states at the Fermi level for arsenene-Co and antimonene-Co structures, respectively. These results provide an effective pathway for the development of arsenene-and antimonene-based electronic devices.
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